Experimental and computational thermal analysis of vortex flame in meso-scale combustor by Khaleghi, Mostafa
i 
EXPERIMENTAL AND COMPUTATIONAL THERMAL ANALYSIS OF 
VORTEX FLAME IN MESO-SCALE COMBUSTOR 
 
 
 
 
 
 
MOSTAFA KHALEGHI 
 
 
 
 
 
 
A thesis submitted in fulfilment of the 
requirements for the award of the degree of 
Doctor of Philosophy (Mechanical Engineering) 
 
 
 
Faculty of Mechanical Engineering 
Universiti Teknologi Malaysia 
 
 
 
 
JULY 2015 
 
 
iii 
DEDICATION 
 
 
 
 
 
Dedicated to my beloved mother and father 
Sisters, brothers and my wife 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
ACKNOWLEDGEMENT 
Thanks to ALLAH, the Most Gracious, the Most Merciful, The Most 
Bountiful who gave me the courage and patience to accomplish this research work. 
Without his help and mercy, this would not have come into reality. 
I would like to deeply express my gratitude for the help and support from my 
Supervisor’s, Associate Prof. Dr. Mazlan Abdul Wahid and Associate Prof. Dr. 
Hussein A. Mohammed on their fascinating guidance, encouragment and valuable 
comments throughout the research work. I was fortunate to be one of their graduate 
students. Their experince and creativity gave me great profit for carving my future 
career. 
I want to aknowledge fellow colleagues at HiREF laboratory who have been 
helpful and friendly, never fail to make the lab a pleasant place to work in.  
 
v 
ABSTRACT 
The demand for compact, lightweight and powerful energy sources has significantly 
increased in recent years. The miniaturization of small-size power supply appliances with 
high energy density is becoming an important issue around the world. The reduction of the 
combustor size has encountered some challenges. The crucial problem in meso-scale 
combustion systems is limited flame stability region as well as short residence time. In 
addition, the increase of surface to volume ratio in meso-scale combustion expedites flame 
quenching. In this study, specially designed meso-scale vortex combustor is developed at the 
High Speed Reacting Flow Laboratory (HiREF), Faculty of Mechanical Engineering, 
Universiti Teknologi Malaysia (UTM). The objectives of this study are to experimentally 
investigate the flame stability, heat loss and exhaust gas emissions in meso-scale vortex 
combustor. Computational investigations of the mixing flow and combustion characteristics 
of vortex flames in meso-scale combustor have also been completed. The minimum 
equivalence ratio to have a stable flame is 0.2 when the mass flow rate is 40 mg/s. The ratio 
of heat loss to combustion heat release is 0.55 at stoichiometric equivalence ratio and lowest 
mass flow rate. The experimental study was carried out in vortex combustion for NOx, CO2 
and O2 productions, with results in good agreement between the experimental production and 
computational prediction. The level of NOx is well below 10 ppm for all mass flow rates and 
equivalence ratios. The inlet air and fuel flow fields were found to have a forced vortex 
tangential velocity. Moreover, mixing between the air and fuel inlet flow was found to have 
a unique shape as a toroidal jet structure.  The swirl number was found to drop almost five 
times within 70% of the combustor height. Both experimental and numerical analysis 
showed that the vortex flame has a toroidal jet structure with a non-reacting core. One of the 
findings in the current study is decreasing flame height in the meso-scale vortex combustor. 
The vortex flame has a substantially reduced height ranging from 9.2 mm to almost 7.5 mm 
for different conditions of equivalence ratio. The maximum flame height happened close to 
the stoichiometry equivalence ratio. Outside wall temperature has increased about 22% by 
changing the mass flow rate of air from 40 mg/s to 170 mg/s at stoichiometric equivalence 
ratio.  
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ABSTRAK 
Permintaan terhadap sumber tenaga tinggi, padat dan ringan telah bertambah 
semenjak beberapa tahun kebelakangan ini. Pengurangan saiz bagi aplikasi sumber 
tenaga dengan ketumpatan tenaga yang tinggi telah menjadi isu penting di seluruh 
dunia. Walaubagaimanapun, terdapat beberapa cabaran dalam mengurangkan saiz 
pembakar. Cabaran paling utama dalam menghasilkan sistem pembakaran pada skala 
meso adalah kawasan api stabil yang terhad dan tempoh masa mastautin api yang 
singkat. Di samping itu, peningkatan nisbah permukaan kepada isipadu 
mempercepatkan pemadaman api. Di dalam kajian ini, sebuah pembakar vorteks 
telah direka khusus di Makmal Reaksi Aliran Tinggi (HiREF), Fakulti Kejuruteraan 
Mekanikal, Universiti Teknologi Malaysia. Tujuan kajian ini dijalankan adalah untuk 
menyiasat kestabilan api, kehilangn haba dan pembebasan gas buangan. Kajian 
simulasi secara terperinci akan aliran pencampuran dan ciri-ciri pembakaran dalam 
pembakar vorteks berskala meso juga telah dilakukan. Nilai minimum nisbah 
kesetaraan  untuk menghasilkan api stabil adalah 0.2 pada kadar aliran jisim bernilai 
40 mg/s. Nisbah kehilangan haba kepada pembebasan haba secara pembakaran 
adalah 0.55 pada ukuran nisbah kesetaraan stoikiometrik dan kadar aliran jisim 
terendah. Keputusan yang diperolehi secara simulasi bagi penghasilan NOx, CO2 dan 
O2 dalam pembakar vorteks didapati menghampiri kepada hasil yang diperolehi 
secara ujikaji. Tahap NOx berada di bawah 10 ppm bagi semua kadar aliran jisim 
dan nisbah kesetaraan. Medan aliran udara dan bahan api yang masuk kedalam 
pembakar meso didapati mempunyai daya vorteks halaju tangen. Tambahan pula, 
aliran campuran udara dan bahan api di salur masuk didapati mempunyai bentuk 
unik seperti struktur jet toroidal. Nombor pusaran didapati berkurangan lima kali 
ganda dalam lingkungan 70% ketinggian pembakar. Eksperimen dan analisis 
berangka menunjukkan api vorteks memiliki struktur jet toroidal dengan aliran teras 
tanpa reaksi. Salah satu penemuan daripada kajian ini adalah pengurangan ketinggian 
api dalam ketuhar vorteks berskala meso. Api vorteks mengalami pengurangan 
ketinggian yang ketara iaitu dari 9.2 mm sehingga hampir 7.5 mm. Ketinggian api 
maksimum berlaku pada nilai nisbah hampir kesetaraan stoikiometri. Suhu pada 
dinding luar pembakar juga didapati meningkat  sebanyak 22%  dengan perubalan 
aliran udara dari 40 mg/s ke 170 mg/s bagi nisbah kesetaraan stoikiometrik. 
 
